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L^ ! Abstract 

00 

We study 5-dimensional supergravity on S^ /Z2 with a physical Z2-odd vec- 
tor multiplet, which yields an additional modulus other than the radion. We 
^ ' derive 4-dimensional effective theory and find additional terms in the Kahler 

potential that are peculiar to the multi moduli case. Such terms can avoid 
tachyonic soft scalar masses at tree-level, which are problematic in the sin- 
gle modulus case. We also show that the flavor structure of the soft terms 
are different from that in the single modulus case when hierarchical Yukawa 
couplings are generated by wavefunction localization in the fifth dimension. 
We present a concrete model that stabilizes the moduli at a supersymmetry 
breaking Minkowski minimum, and show the low energy sparticle spectrum. 
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1 Introduction 

Supersymmetry (SUSY) is one of the most promising candidates for the physics beyond the 
standard modeL It solves the gauge hierarchy problem in a sense that it stabilizes the large 
hierarchy between the Planck scale Mpi ~ 10^^ GeV and the electroweak scale M^eak ~ 
10^ GeV under radiative corrections. Especially the minimal supersymmetric standard 
model (MSSM) predicts that the three gauge couplings in the standard model are unified 
around Mgut — 2 x 10^^ GeV, which suggests the grand unified theory (GUT). It also has 
a candidate for the cold dark matter if the R-parity forbids decays of the lightest SUSY 
particle. Besides, the existence of SUSY is predicted by the superstring theory, which is 
a known consistent theory of the quantum gravity, together with extra spatial dimensions 
other than the observed four- dimensional (4D) spacetime. 

Since no SUSY particles have not been observed yet, SUSY must be spontaneously 
broken above Mweak- Such effects in the visible sector are summarized by the soft SUSY 
breaking parameters. Arbitrary values are not allowed for these soft parameters because 
they are severely constrained from the experimental results for the flavor changing pro- 
cesses. This is the so-called SUSY flavor problem. 

Models with the extra dimensions have been investigated in a large number of articles 
since the possibility was pointed out that the gauge hierarchy problem is solved by the 
introduction of the extra dimensions [1, 2]. The extra dimensions can play many other 
important roles even in the case that the gauge hierarchy problem is solved by SUSY. For 
instance, they can generate the hierarchy among quarks and leptons by localized wave func- 
tions in the extra dimensions [3]. In fact, SUSY extra-dimensional models have attracted 
much attention as a candidate for the physics beyond the standard model. 

In many works on the extra-dimensional models, the size and the shape of the extra- 
dimensional compact space are treated as given parameters of the models. However they 
should be considered as dynamical variables called the moduli and should be stabilized to 
some finite values by the dynamics. In order to discuss the moduli stabilization in SUSY 
extra-dimensional models, we have to work in the context of supergravity (SUGRA). The 
moduli belong to chiral multiplets when a low-energy effective theory below the compactifi- 
cation scale is described as 4D SUGRA. Vacuum expectation values (VEVs) of the moduli 
determine quantities in the 4D effective theory such as Mpi, the gauge and Yukawa cou- 
plings. The moduli stabilization is also quite relevant to the soft SUSY breaking terms 
because moduli multiplets generically couple to the visible sector in the effective theory, and 
their F-terms are determined by the scalar potential that stabilizes the moduli themselves. 

Five-dimensional (5D) SUGRA compactified on an orbifold S^ /Z2 is the simplest setup 
for SUSY extra-dimensional models and has many interesting features which are common 
among them. Furthermore it has an off-shell description that makes the SUSY structure 
manifest and also allows us to deal with the actions in the bulk and at the orbifold bound- 
aries independently [4, 5, 6]. There is another advantage of 5D SUGRA models, that is, 
the explicit calculability of the 4D effective theory. This is in contrast to the superstring 
models whose 4D effective theories are complicated and difficult to be derived explicitly. 
On the other hand, the 4D effective theory of 5D SUGRA models can be easily calcu- 
lated by a method which we call the off-shell dimensional reduction [7]. This is based 



on the A^ = 1 superspace^ description [8, 9] of the 5D conformal SUGRA and developed 
in subsequent studies [10, 11]. This method has the advantage that the A^ = 1 off-shell 
SUSY structure is kept during the derivation of the 4D effective theory. Furthermore 
this method can be applied to general 5D SUGRA models. For example, we analysed 
some class of 5D SUGRA models by using this method, including the SUSY extension of 
the Randall-Sundrum model [12] and the 5D heterotic M theory [13] as special limits of 
the parameters [14]. The effective theory approach makes it easy to discuss the moduli 
stabilization in these models. 

In 5D models, there is only one modulus that originates from the extra dimension, that 
is, the radion. Most works dealing with 5D SUSY models assume that it belongs to a chiral 
multiplet as the real part of its scalar component (see, e.g, Ref. [15]). However this is only 
true for models that have no zero- mode for the scalar component of a 5D vector multiplet. 
If there exist such zero-modes in the 4D effective theory, the radion must be mixed with 
them to form a chiral multiplet. In this sense, those zero-modes are on equal footing with 
the radion,^ and thus we also call them the moduli in this paper. They actually correspond 
to the shape moduli of the internal compact manifold when the 5D SUGRA model is the 
effective theory of the heterotic M theory compactified on a Calabi-Yau 3-fold [13]. In 
this paper, we will consider 5D SUGRA with multi moduli, and investigate its effective 
theory, focusing on the flavor structure of the soft SUSY breaking parameters. Such flavor 
structure was studied in Ref. [16] in the single modulus case. The main results there are 
the following. First, the soft scalar masses tend to be tachyonic at tree-level. This problem 
can be solved by sequestering the SUSY breaking sector from the visible sector because 
the quantum effects dominate over the tree-level contribution in such a case. However, 
generation of the Yukawa hierarchy and the sequestering of the SUSY breaking sector 
cannot be achieved simultaneously if they are both realized by localized wave functions in 
the fifth dimension. 

The essential difference from the single modulus case appears in the Kahler potential in 
the 4D effective action. This difference comes from contributions mediated by the Z2-odd 
A^ = 1 vector multiplets. Although they have no zero-modes and do not appear in the 
effective theory, the effective Kahler potential is modified after they are integrated out. We 
show that this contribution can save the problems in the single modulus case, which are 
mentioned above. 

In the multi moduli case, it is generically difficult to explicitly calculate wave functions 
in the fifth dimension for the 4D modes because the mode equations are complicated 
coupled equations. This makes it hard to derive the 4D effective theory by the conventional 
Kaluza-Klein (KK) dimensional reduction. In the off-shell dimensional reduction, however, 
the 4D effective theory is obtained without calculating the wave functions explicitly. This 
is also one of the advantages of our method. 

The moduli stabilization and SUSY breaking are discussed in a specific model. We 
consider a situation where SUSY is broken by the F-term of one chiral multiplet X in 
the effective theory. By utilizing a technique developed in Ref. [17], we find a vacuum 



^N — 1 SUSY denotes four supercharges in this paper. 

^In fact, the radion is regarded as a zero- mode for the scalar component of the graviphoton vector 
muhiplet in the off-sheU 5D SUGRA description. 



where the moduh are stabihzed properly and the F-term of X is certainly a dominant 
source of SUSY breaking. We also examine the flavor structure of the soft SUSY breaking 
parameters at Mweak in this model by using the renormalization group equations (RGEs). 
The paper is organized as follows. In Sec. 2, we give a brief review of our method 
to derive 4D effective theory of 5D SUGRA on S^ / Z2. In Sec. 3, we discuss generic 
properties of the soft SUSY breaking parameters in the multi moduli case. In Sec. 4, the 
moduli stabilization and SUSY breaking are discussed in a specific model, and the soft 
SUSY breaking parameters at Mweak are evaluated by the numerical calculation. Sec. 5 
is devoted to the summary. In Appendix A, we comment on how the Z2-odd part of the 
5D Weyl multiplet appears in the 5D action. A detailed derivation of the effective Kahler 
potential is provided in Appendix B. 

2 4D effective theory with multi moduli 

In this section we briefly review the off-shell dimensional reduction [7] and derive the 4D 
effective action of 5D SUGRA compactified on an orbifold S^ / Z2 with an arbitrary norm 
function. The 5D metric is assumed to be 

ds^ = e^'^'^y^g^.^dx^dx" - {cy^dyY , (2.1) 

where /x, z/ = 0, 1, 2, 3, and e'^'^^-' is a warp factor, which is a function of only y and deter- 
mined by the dynamics. We take the fundamental region of the orbifold as < y < ttR, 
where i? is a constant.^ 

2.1 N = 1 ofF-shell description of 5D SUGRA action 

Our formalism is based on the 5D conformal SUGRA formulation in Ref. [5, 6]. 5D su- 
perconformal multiplets relevant to our study are the Weyl multiplet E^, vector multi- 
plets V^ , and hypermultiplets iJ", where / = 1,2, ■ ■ ■ ,ni/ and a = 1,2, ■■■ ,nc + uh- 
Here nc and hh are the numbers of compensator and physical hypermultiplets, respec- 
tively. These 5D multiplets are decomposed into A^ = 1 super conformal multiplets [6] as 
Ew = (Ew, L"", Ve), V^ = {V^, S^) and H" = ($2"-i, $2«), where Ew is the A^ = 1 Weyl 
multiplet, Ve is an A^ = 1 real general multiplet whose scalar component is ej", V^ is an 
A^ = 1 vector multiplet, and H^ , ^'^ {a = 1,2,- ■ ■ , 2{nc + nn)) are chiral multiplets. An 
A^ = 1 complex general multiplet L° {a: spinor index) in Ew consists of the Z2-odd com- 
ponents, and is irrelevant to the following discussion (see Appendix A). Thus we neglect 
its dependence of the 5D action in the following. 

The 5D SUGRA action can be written in terms of these A^ = 1 multiplets [8, 9]. 
Then we can see that Ve has no kinetic term.^ After integrating Ve out, the 5D action is 



•^In principle, R is nothing to do with the radius of the orbifold r, which is given by the proper length 
along the fifth coordinate. 

"^This does not mean that e "^ is an auxiliary field. It is also contained in S^ {I — 1,2, ■ ■ ■ , ny), which 
have their own kinetic terms. 
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Table 1: The orbifold parities for N = 1 multiplets. 



expressed as [11] 
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= diag(l2nc? — l2nH) ^''^^l p^g = 20-2 ® '^nc+n„- Here (T2 acts on each hypermul- 
-i^$2a^ A/" is a cubic polynomial called the norm function, which is defined 



N-{X) = CukX'x'X 



K 



(2.3) 



A real constant tensor Cjjk is completely symmetric for the indices, and Mij{X) = 
d^M /dX^dX^ . The superfield strength W^ and V^ = —dyV^ + T,^ + ll^ are gauge-invariant 
quantities. The generators t/ are anti-hermitian. The ellipsis in (2.2) denotes the supersym- 
metric Chern-Simons terms that are irrelevant to the following discussion. The boundary 
Lagrangian C^ {d = 0,7r) can be introduced independently of the bulk action. Note that 
(2.2) is a shorthand expression for the full SUGRA action. We can always restore the full 
action by promoting the d'^O and d^6 integrals to the D- and F-term action formulae of 
the N = 1 conformal SUGRA formulation [18], which are compactly listed in Appendix C 
of Ref. [6]. 

The vector multiplets V are classified into {V ,V ) by their orbifold parities so that 
V^ {I' = 1, 2, ■ ■ ■ , n'y) and V^ (J" = n'y + 1,- ■ ■ , ny) are odd and even, respectively. As 
for the hypermultiplets (<|)2"~^, $2"), we can always choose the orbifold parities as listed 
in Table 1 by using SU{2)u, which is an automorphism in the superconformal algebra. 
As explained in Ref. [7], n'y moduli come out from S^ in the 4D effective theory. In the 
case oi n'y = 1, the corresponding modulus is identified with the radion multiplet. The 4D 
massless gauge fields, such as the standard model gauge fields, come out from V^ . For 
a gauge multiplet of a nonabelian gauge group G, the indices I" and J" run over dimG 
values and Mr'j" are common for them. The index a for the hypermultiplets are divided 
into irreducible representations of G. In the following we consider a case that n'y = 2 and 
nc = 1 as the simplest case with multi moduli. An extension to the cases that n'y > 2 is 
st raight forward . 

In 5D SUGRA, every mass scale in the bulk action is introduced by gauging some of the 



isometries on the hyperscalar manifold^ by some vector multiplets V . For example, the 
bulk cosmological constant is induced when the compensator multiplet ($^, <l>^) is charged, 
and a bulk mass parameter for a physical hypermultiplet is induced when it is charged 
for V . Of course, we can also gauge some of the isometries by V . This leads to the 
usual gauging for the chiral multiplets by a 4D massless gauge multiplet in the 4D effective 
theory. In the following we will omit the V -dependence of the action except for the 
kinetic terms because it does not play a significant role in the procedure of the off-shell 
dimensional reduction and can be easily restored in the 4D effective action. In this paper 
we consider a case that only the physical hypermultiplets (<|)^"~^, <|)^") (a = 2, • • • , uh + 1) 
are charged for V (/' = 1,2). This corresponds to a flat background geometry of 5D 
spacetime. We assume that all the directions of the gauging are chosen to o"3-direction for 
(^$2a-i^ $^") since the gauging along the other directions mixes <l>^"~^ and $^", which have 
opposite parities. Namely, the generators and the gauge couplings are chosen as 



{igii'Th = 0-3 ® diag (0, C2/', C3//, ■ ■ ■ , C(„^+i)//), 



:2.4) 



where 0-3 acts on each hypermultiplet ($2"^^, <|)^"), and Cav (a = 2, ■ ■ ■ , rifj + 1) are gauge 
coupling constants for V^ . 

Then, after rescaling chiral multiplets by a factor e^*^'^, we obtain 



£ = - 



a=2 

d^e I ^^dy^^ - Y^ $2"-! {dy + 2ca ■ s) $2« I + h.c. 

+ Y, A'^ (<i'2)VW(i>2«)+h.c. 



t?=0,7r 



(2.5) 



where Ca-V ^ X]/'=i (^ai'V^ , and $2" = (|,2ay'^2_ p^^, simplicity, we have introduced only 
superpotentials W^"^' in the boundary Lagrangians. The hypermultiplets appear in W^'^' 
only through $2a because physical chiral multiplets must have zero Weyl weights in the 
N = 1 conformal SUGRA [18] and $2a-i vanish at the boundaries due to their orbifold 
parities. 



2.2 4D effective action 

Following the procedure explained in Sec. 3 of Ref. [7], we can derive the 4D effective 
action. First, we remove all S^ from the bulk action by 5D gauge transformation. Since 



^The hyperscalar manifold is USp{2, 2nH)/USp{2) x USp{2nH) for nc ^ 1, and SU{2, l)/SU{2) x U{1) 
for nc = 2. 



S^ are even under the orbifold parity and thus have zero-modes, the gauge transformation 
parameters A"^ must be discontinuous at one of the boundaries. In the notation of Ref. [7], 
A"^ are discontinuous at y = ttR. The gaps correspond to zero-modes for T,^ . Such 
zero-modes are called the moduli T^ in this paper, and defined by^ 



Namely, 



which means 



T-^2 / ^ dyi:''iy). 

'0 



lim A-* (y = 'kR- t) 



lim V^'{y = 'nR-t) 



-y, 



-ReT^', 



(2.6) 

(2.7) 
(2.8) 



where V^ are the N = 1 vector multiplets after the gauge transformation. Since A"^ are 
continuous at the other boundary (y = 0), V^ obey ordinary Dirichlet boundary conditions 
there. 

V''iy = 0) = 0. (2.9) 

Next we neglect the kinetic terms for parity-odd A^ = 1 multiplets because they do 
not have zero-modes which are dynamical below the compactification scale. Then the 
parity-odd multiplets play a role of Lagrange multipliers and their equations of motion 
extract zero-modes from the parity-even multiplets.^ In fact, V^ , <l>^ and <l>^" become y- 
independent and are identified with 4D zero-modes after the parity-odd fields are integrated 
out. By performing the y-integral, the following expression is obtained. 



£(4D) ^ _: 



-3 Id^e 101' 



d^e Crj»K"T^'W''"w^" + h.c. 



+ 



d^9(l)^ 




R-e 



riH+l 



2/3' 



a=2 



$ 



2a 



<l>) + W^(")(e"'"^'^)|+h.c. 



(2.10) 



where = (<|)^)^/^ is the 4D chiral compensator multiplet, and A/ is a truncated function 
of the norm function defined by 



Sf{X) = Cpj'K'X^'X-^'X 



K' 



(2.11) 



Notice that V^ (/' = 1,2) still have y-dependence while the other fields are now y- 
independent. In the single modulus case (i.e., n'y = 1), the y-integral in (2.10) can be 
easily performed because the integrand becomes a total derivative for y [11]. On the other 
hand, in the multi moduli case {i.e., n'y > 2), V^ must be integrated out by using their 



^The normalization of T^ is different from that in Rcf. [7] by a factor tt. 

^The effects of the parity-odd multiplet L" in the 5D Weyl multiplet on the effective theory are negligible 
because it couples to the matter multiplets only in the derivative forms (see Appendix A). 



equations of motion [7] . To simplify the discussion, let us assume that each hypermultiplet 
is charged for only one of V (/' = 1, 2). Namely we can classify the physical hypermulti- 
plets <l>^" (a = 2, ■ ■ ■ ,nH + l) into Qi {i = 1,2,- ■ ■ ,ni) and 6*0, (a = 1, 2, ■ ■ ■ ,n2) so that Qi 
are charged for V^ and Sa are charged for V^. Here uh = ni + n2- Then the parenthesis 
in the second line of (2.10) is rewritten as 



ni 



n2 



2/3 



l_^g2c.yi|g^|2_^^2c.y^|^^|2 



(2.12) 



a=l 



The detailed calculations are summarized in Appendix B. The result is 



£(4I?) ^ _ 



1 



fd^e J2friT)tT {WW)+h.C. 



+ cfe \<P\^ n{\Q\\\S\\ReT) + 



Sd(jy^W{Q,S,T) + \i.c. 



(2.13) 



where the vector multiplets are summarized in the matrix forms for the nonabelian gauge 
multiplets and the index r indicates different gauge multiplets. Each function in (2.13) is 
defined as 



Jr — / ^ Krl'l , 



/'=1 



n 



-3^i/='(ReT)il-^ 



1 -e 



-2cjRcT1 



\Qi 



Z 



1 -e 



-2caKeT^ 






3cjRe T^ -^-^ 3cQ,Re T^ 

a 

i,j i,a a,l3 

W = W^^\^) + W^W(e-'=«-^<l), 
where kri' are constants determined from Cjrj"K", ^ = Qi or Sa, and 

^4/3_^^^ 1 _ e-2(c,+c,)RcTi 



i i^j 



3^X^11-2^2 2(Q + c,)ReTi 



^i/3^f 



:i-e 



-2ciRcTi 



)(1 



,-2c^RcTi^ 



3ArArii - 2Ar2 



n. 



Af^/'Af^ 



12 



1-e 



6Q9(ReTi)2 

-2c,RcT1-2cqRcT2 



3^X^12 - 2M^2 c.Re Ti + c„Re T2 



^i/^MM 



'1-e 



-2ciRcTi 



)(1 



3-2cc«ReT2 



1^, 



3^^i2 - 2^i^2 3QC„Re TiRe T^ 

M^/^U22 1 - e-2(c"+'=/3)R<=^' 



Q/3 



3ArAr22 - 2Ar22 2(c, + c^)ReT2 



^1/3^1 (1 - e-2--R-^')(l - e-2-^Rer') 



3ArAr22 - 2Ar22 



6c«C/3(ReT2)^ 



(2.14) 



(2.15) 



Here J^i^X) = dJ^/dX^' and 7V}/j/(X) = d^Af/dX^'dX'^'. The arguments of A/", TV}/, J^rj> 
are understood as (ReT^,ReT^). 

When all the gauge couplings Ci,Ca vanish, the exact form of Q is obtained as (B.20). 
We can easily check that the above result is consistent with (B.20) by taking the limit of 

Some of the nonabelian gauge multiplets may condense and generate superpotential 
terms at low energies, which have a form of exp{—ar fr{T)} where a^ = 0{4tt'^), because 
the gauge kinetic function fr is proportional to inverse square of the gauge coupling. (See 
eq.(4.3).) 

Before ending this section, we note that there is no "radion chiral multiplet" in the 
multi moduli case. In the 5D conformal SUGRA, we have to fix the extra symmetries 
by imposing gauge-fixing conditions in order to obtain the Poincare super gravity.^ The 
dilatation symmetry is fixed by a condition: 

A/'(M) = CijkM^M^M^ = 1, (2.16) 

in the unit of the 5D Planck mass, where M^ is a real scalar component of V and is 
related to a scalar component of S^ by M^ = 2ReS'^|5(=o/ey''. This means that the size of 
the orbifold iir is determined by 



nr 



1 dyey^ = 




pwR 

= 2 dyX'/^ReJ:) 
Jo 



~ Sf^/^(ReT) . (2.17) 

e=o ^=0 



The last equation holds when the background geometry of 5D spacetime is fiat and the 
backreaction to the geometry due to the 5D scalar field configurations is negligible. In the 
single modulus case {i.e., M = Af = (M^)^), the above relation is reduced to 



nr 



ReT%=o, (2.18) 



which means that T^ is the radion multiplet. In the multi moduli case, on the other hand, 
we cannot redefine a chiral multiplet whose scalar component gives the size of the orbifold 
by holomorphic redefinition. It is given by a combination of VEVs of all the moduli. In 
other words, the radion mode cannot form an A^ = 1 chiral multiplet without mixing with 
the other moduli in the multi moduli case. 



3 Soft SUSY breaking terms 

3.1 Flavor structure of soft parameters 

In this section we discuss the fiavor structure of the soft SUSY breaking terms. We intro- 
duce a chiral multiplet X that is relevant to SUSY breaking, in addition to the MSSM field 
content which consists of the gauge multiplets V" (r = 1, 2, 3) and the matter chiral mul- 
tiplets Si, where / runs over quark, lepton and Higgs multiplets. Each chiral multiplet Si 



^In the procedure of the ofF-shell dimensional reduction, we do not impose such gauge-fixing conditions 
to keep the A^ = 1 ofF-shell structure. They should be imposed after the 4D effective action is obtained. 



can be either Qi or Sa in (2.14). We identify X as one of Qi without loss of generahty. We 
take the unit of the 4D Planck mass, i.e., Mpi = 1, in the rest of this paper. 

The Yukawa couplings among Si can be introduced only at the orbifold boundaries due 
to the N = 2 SUSY in the bulk. Here we assume that they exist only at one boundary 
{y = 0), for simplicity. Namely, we introduce the following boundary superpotential. 



<Lwa = E ^'^''^'^'"'^'''^'^ (3-1) 



a,b,c 



where \ahc are constants.^ 

Here we focus on the gaugino masses M^ (r = 1,2,3), the scalar masses mi and the 
A-parameters Aimn, which are defined as 



C. 



soft 



I _ 2 if _ _ 1 _ _ _ I 

^mflSi - 2 ^ X] MrX^'X'' + g X] yimnAnin<SlSmSn + h.C. > , (3.2) 

I K. r l,m,n ) 



where Si, X" are canonically normalized siermions and gauginos, and yimn are the physical 
Yukawa coupling constants for the canonically normalized fields. These soft SUSY breaking 
terms are generated through the mediation by the moduli T^ (J' = 1, 2) as well as the 
direct couplings to the SUSY breaking superfield X. 
Let us rewrite Q in (2.14) as 

n = fio(ReT) + EF/(ReT, |X|^)|5z|^ + C(5^), (3.3) 



where 



Yi(ReT, \Xf) = Af^/^{ReT)Zi{ReT^) + VtixiReT) \X\^ + 0{\Xf), (3.4) 



with 



1-e 



~2c,RcTi 



and 



I 15 ^1 — , when Si E {Qi} 

ZiiReT) ^ \ ^ ^fj^T^^^. (3.5) 

CiReT^ ' when5.G{^J 

_ . ^i=x,j=i + ^i=i,j=x = '2,Vti=x,j=i when Si G {Qi} 
Vti=x,a=i when 5^ G {S'^} 



Then the physical Yukawa couplings and the soft parameters in (3.2) are expressed in terms 
of l^ReT, |X|^) as [19, 20] 

yimn 



Mr = F^dAln{Refr), 
mf = -F^'F^dAdslnYi, 

Aimn = -F^dA\n{YiY^Y^), (3.7) 



'in general, Xabc can depend on X , but we do not consider this possibility, for simplicity. 



where indices A, B run over all the chiral multiplets. The hierarchical structure of the 
Yukawa couplings is realized by varying q in an 0{1) range (see, e.g., [21, 22]). The small 
fermion masses for Si are obtained by taking q negative so that Zi are large enough. ^° For 
the Higgs multiplets, q is taken to be positive in order to realize the large top quark mass. 



Let us assume that F-^ is a dominant source of SUSY breaking, i.e., 

IF^I » 



(3.^ 



This is indeed the case in the model considered in Sec. 4. Then the soft scalar masses are 
given by 

m,':::^—\F\ ~— F — . 3.9) 

' I I r, II j^i/^Zi ^ ' 

We have assumed that |X| <^ 1 in order for the expansion of Yi in (3.4) to be valid, which 
is also realized in the model in Sec. 4. 

In the single modulus case, Vtix is calculated as 

Vtix = M^/\ReT^)^ — — - = ^—^ ^ . (3.10) 

^ ' 3(Q + cx)ReTi 3(q + cx) ^ ' 

Notice that this is always positive^^ irrespective of the values of q and cx- This means that 
the soft scalar masses are tachyonic [16]. This tree-level contribution (3.9) is exponentially 
suppressed when e"^'^'^*'^ ^ 1 and e~^'^^^°^ <^ 1, which corresponds to the case that 
the visible matter multiplets Si and the SUSY breaking multiplet X are localized around 
the opposite boundaries. In such a case, quantum effects to the soft scalar masses become 
dominant and may save the tachyonic masses at tree-level. However the large top quark 
mass cannot be realized in this case because the top Yukawa coupling is suppressed by the 
large Yj. 

This problem can be evaded in the multi moduli case because Vtix is modified. We 
explain the situation by two examples of the norm function. In the following we assume 
that Cx > 0, I.e., e-^"^'^"^'' < 1. 

Example 1: 

AfiX) = {Xy + {Xy (3.11) 

In the case that Si G {Qi}, the first term of Qix is positive while the second term neg- 
ative since 3A/'A/ii — 2A/7 > 0. For the first and the second generations, e"^'^'^'^-^ ^ 1 
to realize the small fermion masses. Then the second term dominates and the soft 
squared masses become positive. Furthermore the soft masses are almost degener- 
ate because the Q-dependence are cancelled in (3.9) when the second term of Qix 
dominates. For the top quark, on the other hand, we have to take q such that 
g-2qRcT < (9(x) in order to realize the large top quark mass. Thus Qix is positive, 
which leads to the tachyonic stop masses. 



^°In general, RcT^ can be negative as long as Af(ReT) is positive. However we assume that RcT^ > 
{I' — 1, 2) in the following. 

^^Since T^ is the radion in this case, ReT^ must be stabilized at a positive value. 
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In the case that Si G {5*^}, the sign of Qix becomes opposite because of the iden- 
tity (B.19). Therefore the stop masses are now nontachyonic. 

In summary, if we take Si G {Sa} for the top quark multiplets and Si G {Qi} for the 
other multiplets, all the soft masses are nontachyonic and they are almost degenerate 
for the first two generations. Since the severest constraints on the soft masses come 
from the flavor changing processes for the first two generations, this setup can solve 
the SUSY flavor problem. 

Example 2: 

Af{X) = {X^fX^ (3.12) 

In this case, the situations for Si G {Qi} and for Si G {Sa} in Example 1 are 
interchanged since now 3A/'A/ii — 2A/'f < 0. In summary, we can construct a phe- 
nomenologically viable model if we take Si G {Qi} for the top quark multiplets and 
Si G {Sa} for the other multiplets. 

We comment on the possibility to choose A/ such that Qix is negative for any values of q 
and cx- From (2.15), such A/ must satisfy A/n < and SA/A/n — 2A/f > in the case that 
Si G {Qi}, or Afi2/l3AfAfi2 - 2U1M2) < and A/"iA/'2/(37V'7V'i2 - 2^^) > in the case 
that Si G {Sa}- However the two conditions are incompatible in either case. Therefore the 
the first two generations and the top quark multiplets must be charged for different gauge 
multiplets V in order to avoid the tachyonic soft masses. 

As for the A parameters, contribution from F-^ is negligible because it accompanies 
with VEV of X, which is assumed to be tiny. Thus the dominant contributions come 
from F'^ (/' = 1, 2) and are, in general, flavor dependent. The resultant A-parameters 
are much smaller than the soft masses mi due to the assumption (3.8). Furthermore, the 
flavor dependence of the A-parameters can be small if there is a hierarchy between F'^ and 
F"^ . For instance, let us assume that |F^ | ^ \F'^ \ and Yi are almost independent of the 
first modulus T^. These conditions are satisfied for the first two generations in Example 2. 
(See eq.(4.29).) Then the A-parameters are estimated as 

^ _ pT^ / ^Ti Yl . Qt^ Ym (9^1 Yn 



V V V 



^SF^'dr^ {ArV3(ReT)} = -F^^-^(ReT), (3.13) 



ni ATi 
= —p' 

which are almost independent of the flavor indices. 

The gaugino masses are estimated to be the same order as the A-parameters because 
the gauge kinetic functions fr only depend on the moduli T^ . The situation can be changed 
by introducing the gauge kinetic functions that depend on X at the boundaries. 

The soft SUSY breaking parameters obtained by (3.7) should be understood as those 
at the compactification scale, which is close to the Planck scale Mpi when ReT^ = 0{1). 
Thus we have to evaluate the soft parameters at Mwcak obtained by RGEs in order to 
check whether the tachyonic sfermion mass problem and the SUSY flavor problem are 
really solved or not. We will discuss this issue by numerical calculations in a specific model 
in Sec. 4.3. 
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yl'in^O) 




X 



X 



Figure 1: Feynmann diagrams contributing to Qix in the multi moduli case. The index n 
labels the KK excitation number. 

3.2 Interpretation of Clix from 5D viewpoint 

The essential difference between the single and multi moduli cases appears in the form 
of Qix- Especially the second term of Qix in the multi moduli case has a peculiar flavor 
structure. Here we give an interpretation of it from the 5D viewpoint. 

The condition under which the second term of Vlix dominates, i.e., e^^^'^*^^ ^ 1 and 
g-2cxReT ^ -^^ corresponds to a situation in which the zero-modes Si and X are geomet- 
rically separated from each other. In fact, in such a situation, the contact interactions Qix 
are exponentially suppressed in the single modulus case [16]. This suggests that in the 
multi moduli case, there exist some heavy modes that couple to both Si and X, which 
induce contact interactions after they are integrated out. Such heavy modes are identified 
with the parity-odd vector multiplets V^ . 

Specifically the dominant part of Qix when e"^^'^'^-^ ^ 1 and e^^^^^'^-^ <^ 1 comes 
from diagrams depicted in Fig. 1. The internal line in this figure corresponds to the n-th 
KK mode of V^' , which should be integrated out. The effective gauge couplings g^ and 
gx are defined as 



in) 



■kR 



I 2 An), 



9r=ci dy {fi{y)Y f'^\y), 
Jo 

9'^x^ = cx rdy{fx{y)Yf^y\y), 
Jo 



(3.14) 



where fi{y), fx{y) and fy (y) are wave functions in the extra dimension for Si, X and 
yi{n)^ respectively. Thus the contribution in Fig. 1 disappears when either of q or cx 
vanishes. In fact, we can easily check from (2.15) that Qix is reduced to 



Qix = J^'^^'iReT)- 



-2cxReTi 



3cxReTi 



(3.15) 



when Q = 0. This is the same form as the single modulus case (3.10) with q = 0. Namely 
the additional contribution corresponding to Fig. 1 disappears. 
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Now let us consider the flavor dependence of the contribution from Fig. 1, which appears 
through the Q-dependence oigi . The wave function fi{y) has an exponential profile whose 
power is proportional to q. We focus on the situation in which e"^'^'^'^-^ ^ 1. Then fi{y) 
is localized around y = ttR. In contrast, fy vanishes at the boundaries because V^' are 
odd under the orbifold parity, which means that fy behaves as a linear function around 
y = ttR. Thus the Q-dependence of gi in (3.14) is estimated as 0(1/q) when fj; is 
localized around y = irR strongly enough. Therefore the flavor dependence of the effective 
coupling gi is cancelled and the contribution from Fig. 1 becomes flavor universal. 

Finally we comment on the physical degrees of freedom of the vector multiplets that 
contribute to ilix- Suppose n'y vector multiplets V^ = (V^' , S^') (/' = 1, ■ ■ ■ ,ny). Then 
n'y moduli T^ come out from T,^ , and the remaining degrees of freedom in T,^ are absorbed 
into V^ as longitudinal components of the massive KK vector multiplets. However, not all 
V^ are independent degrees of freedom. For example, only Uy — 1 gauginos are indepen- 
dent because of the gauge-fixing condition for the S-supersymmetry in the superconformal 
algebra, that is,^^ 

Afr{M)\^' = 0, (3.16) 

where M^ and A^ are the gauge scalars and the gauginos. As for the vector components of 
V^ , one of their combination is identified with the graviphoton, which belongs to the 5D 
SUGRA multiplet. It has been noticed that the 5D SUGRA multiplet does not generate the 
contact interactions between Si and X [23]. In fact, only n'y — 1 equations are independent 
among the equations of motion for V^ as we can see from (3.24) of Ref.[7]. As a result, the 
number of the independent V^ that contribute to Qix is n'y — l. Therefore the contribution 
from Fig. 1 exists only in the multi moduli case. 

4 Moduli stabilization and flavor structure 

In this section, we investigate the stabilization of the moduli and the flavor structure of 
the soft SUSY breaking terms in a specific model. 

4.1 A model for the hidden sector 

For the moduli stabilization and SUSY breaking, we introduce the following boundary 
superpotentials in addition to the Yukawa couplings in (3.1). 

l^W = -J^H, (4.1) 

where Jq and J^ are constants, W^J denotes terms relevant for SUSY breaking, and 
f/"^ v|>asB ^ {Sa}, where the index osb runs over hypermultiplets in the SUSY breaking 
sector. Then, including the nonperturbative effects such as gaugino condensations, the 4D 
effective superpotential is obtained as 

W = (jo- J^e~^"^') H + W^sB^(^) + W"^°P\ (4.2) 



^^To simplify the discussion, here we consider a case that there are no V , namely, n'y — ny 
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where W^('^p) denotes terms coming from the nonperturbative effects and is assumed to have 
a form of 

ly('^p) = c - Ae"'^^', (4.3) 

where A = 0{1), a = 0(47r^) and lnc~^ = (9(47r^). The T^-dependent (constant) term 
originates from, e.g., a bulk zero- mode (boundary) gaugino condensation. The effect of 
the tadpole terms in W^"^^ (■(? = 0,7r) is discussed in Ref. [24] in the single modulus case, 
and they stabilize the (radius) modulus at a supersymmetric Minkowski vacuum. We will 
see that the first term of (4.2) stabilizes T^ just like in the single modulus case. We can 
choose the O'Raifeartaigh model [25] as the SUSY breaking sector Wgg , for example. It is 
reduced to the Polonyi-type superpotential after heavy modes are integrated out. Namely, 
below the mass scale of the heavy modes A, 

W^'iW^f^lX, (4.4) 

where X is one of \E'''sb ^i^at remains at low energies. The constant nx is supposed to be 
around the TeV scale. When the heavy modes are integrated out, the Kahler potential 
also receives the following correction at one-loop [26]. 

7(1) 
AK = -^\X\\ (4.5) 

where Z^ '' = 0{1) is a constant. "^^ 

Therefore the effective superpotential below A becomes 



W 



(^Jo - J^e-'"^'^ H + c- Ae-"^' + fij^X + ■ ■ ■ , (4.6) 



where the ellipsis denotes irrelevant terms to the moduli stabilization and SUSY breaking, 
such as the Yukawa couplings for the MSSM fields. From (2.14) and (4.5), the effective 
Kahler potential K is 

K = -3\n{ ] +AK 



-InJ^+ZniReT^) \Hf + Zx{ReT^) \X 

Z^ 
A2 



+ Y, ^KReT) |5,|' - ^ |X|^ + ■ ■ ■ , (4.7) 



where 



1 _ g-2c/fReT2 ^ _ g-2cxReTl 



^H 



Zx = ^ ^, . (4.^ 



CffRe T^ cxRe T 



As we will see in the next subsection, the one-loop correction AK is necessary to obtain a 
small VEV of X. 



^^Whcn the SUSY breaking sector is introduced both in VK^") and W'^'^\ Z^^' depends on the moduh T^ . 
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4.2 Moduli stabilization and SUSY breaking 

Now we search for a vacuum of the model by solving the minimization condition for the 
scalar potential, which is obtained by the formula, 



V 



e^ I K^^DaWDbW - 3 \W\^ . , 



(4.9) 



where DaW = Wa + K^W. The indices A, B run over all the chiral multiplets in the effec- 
tive theory, but it is enough to take A^B = T^, T^, H, X in the following calculations since 
the MSSM multiplets do not contribute to the moduli stabilization nor SUSY breaking. 
The lower index A of each function denotes derivatives of it for A. 

Following Ref. [17, 16], let us define a "reference point" which seems to be close to the 
genuine stationary point of the scalar potential. We define the reference point (T^, T^, H, X) \q 
such that the following conditions are satisfied there: 



DtiW = aAe-"' + KtiW = 0, 
Dr2W = CHW^e-^"^'H + Kr2W = 0, 
DhW = Jo- J^e-'"^' + KhW = 0, 
Vx = 0. 



(4.10) 



Here we assume that 



> aAe 



-aT^ 



1>Mh = chJ.c-'"^" 
ReT^lo, ReT2|o = C(l), |X| |o < 1. 
From the first two conditions in (4.10), we obtain 

Kt2 aAe^"'^' 



o{Al 



(4.11) 



H\ 



W\o= -K-laAe-"-^' 
From the third condition, 

Jo - J^e^"^^' ~ -ZhHW\ 



O 



f^x 



M, 



H 



0(/i 



o 



f^x 



M. 



H 



<^0{fi 



X) 



(4.12) 



(4.13) 



We have assumed that ch = 0{1) > 0, i.e., Zh ~ 0{1). Thus, the values of the moduli at 
the reference point are determined as 



yi| 



1 A{1 - K-la) 

- m 

a 

1 
Ch 



T^L ~ —In—. 



c + HxX 

•J-w 

Jo' 



(4.14) 



The first equation is consistent with (4.11) since ln(A/c) = (9(47r^). The second equation 
is similar to the relation in Ref. [24] if T^|o is replaced by the VEV of the radion. Besides, 
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T^ and H have a large supersymmetric mass of order 0{Mh), just like the situation in 
Ref. [24]. 

From (4.9) and (4.10), we obtain 



V\o = e^ jiT^^ \DxW\^ - 3 \W\ 

Thus we can make K|o = by tuning fix as 

\fix\'^5Zx\W\\ 



(4.15) 



(4.16) 



This is consistent with the second equation in (4.12) when cx > 0. 

The value of X|o is determined by the last condition in (4.10). Under the condition 
that V|o = 0, Vx at the reference point is estimated as 



^xx 



-AX 



XB 



e-'^Vx = (9xi^^^ \DxW\' + K^'^'dxDAWDxW + K^'^'DxWdxD^W - 3WWx 



dxK^^ \DxWf + K^^DxWdxDxW - 3WWx 

4luvl^Z(^) 



K^Z 



X 



We have omitted the symbol |o. Therefore, we obtain 



XI 



A^Z\W 



2fij,ZW 



C(A2). 



(4.17) 



(4.18) 



The last assumption in (4.11) can be satisfied by assuming that A <^ Mpi = 1. 
The true vacuum is represented by 



(4.19) 



where A = T^,T^,H,X. Since T^ and H have a large mass, ST'^ and 6H are negligible [27] 
if we take Mh as around Mqut or so.^'* Thus T^ and H can be replaced with their VEVs, 
which are equal to the values at the reference point in the following calculation. Now we 
find a true vacuum by solving the minimization conditions: 



Vti = Vx = 0. 
We can evaluate the derivatives of the potential as 



(4.20) 



-K 



V, 



rpl 



K 



rplrpl 



\W' 



T^T^ 



-2 T^T^T'' 



6T' + Jxj^K' ' Kfj^WriT^ 



5X+3Kti\W\ 



Here we have used (4.16) and 



6T^ 



2ii\W 



X 



6X. 



\X\ lo < 1, |Wtiti|' = 0{afi^x) > \W\ , |l^ri| = C'(/x^). 



(4.21) 



(4.22) 
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They are estimated as 5T'^,5H = 0{hx/Mh)- 
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Using the relation followed from the first condition in (4.10): 
we obtain by solving (4.20), 



(4.23) 



o^RT't^Kt^ 



6X 



3X(K^'^'Kf.+K^"^"R 



f2 



2aKT' 



(4.24) 



Thus we can evaluate D^W {A = T^ ^T"^, H, X) as 

3W 



DtiW 



iK^'T^ 



01^1. 



DhW ~ 0, 



DxW ~ /i^. 



3{2Kt^t^ - KtiKt2)W 



a^K^'T^Kri 



O 



f^x 



,2 / ' 



(4.25) 



The F-terms are calculated from these by the formula F"^ = —c^^^K^^DbW . 

In the case that the norm function is chosen as (3.11), the inverse of the Kahler metric 
is 



K 



AB 



3RcTi 



2(ReTi)(ReT2 
2(ReT^)(ReT^) H-(Hen-.2(Ke.2)3| 



V 



Zn' 



(4.26) 



Zx'l 



Thus the F-terms are estimated as 

3W 



pT^ ^ 



3x1/2 - ^ ( -"" " 



?T^ 



iH 



a{(ReTi)3 + (ReT2)3}^'- V a 

9{Re T^f {Re T^)W 



a{(ReTi)3 + (ReT2)3}V2^2(ReTi)3-(ReT2)3} 



O 



/^l 



F^ ~ 0, 

pX ^, 



cx/UxReT^ 



{(ReTi)3 + (ReT2)3} 



31 1/2 



0{fi 



\\ 



(4.27) 



where we used the relation (4.16). Therefore, the relation (3.8) holds in this model. 

In the case that the norm function is chosen as (3.12), the inverse of the Kahler metric 
becomes diagonal, i.e.. 



K^^ ^ diag (2(ReTi)2, A{ReT^)\ Z~^\ Z^') , 



(4.28) 
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and the F-terms are estimated as 



31? _,//i| 
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a(ReTi)(ReT2)i/2 \^ a 

. ^ 3(ReT2)VW ^ /^ 
~ a2(ReTi)3 V «' 

F^ ~ 0, 

P" - -iJ^^ = Of".-). ("■29) 

where we again used the relation (4.16). Thus (3.8) holds. In this case, further hierarchy 
exist between F^ and F^ . 

Finally we comment that the above moduli stabilization with hierarchical F-terms is 
motivated by a type IIB flux compactification [28], where a size modulus is stabilized by 
a nonperturbative effect, while complex structure moduli are stabilized at a high scale by 
a flux induced superpotential. In our model, the terms with Jq and J.^ in (4.2) play a 
similar role to the flux induced superpotential if T^ and (T^, H) are identified with the size 
modulus and the shape moduli respectively. 

4.3 A model for the visible sector and sparticle spectrum 

Now we study some phenomenological consequences such as the hierarchical Yukawa ma- 
trices and the soft SUSY breaking parameters. The visible (MSSM) sector consists of 






quark supermultiplets {i = 1,2,3), 
lepton supermultiplets {i = 1,2,3), 
Higgs supermultiplets. (4.30) 



As we saw in the previous subsection, the F-terms in the SUSY breaking sector have a 
hierarchical structure. From (4.27) or (4.29) with (4.16), we obtain 



3m,q 



^-O(^), F^^-J±^„,^0(,n„,). (4.31) 



and 



ReTi aReTi \ An"^ J ' \ Zx 



ReTi 
ReT2 1 1 F^^ 



47r2ReT 



(4.32) 
for M{X) = {X'yX^ 



where 1713/2 = e^^'^W\o is the gravitino mass. We have assumed that W\o and jj,x are real 
and positive, for simplicity. These relations hold also in the case that VEVs of the moduli 
take values of C(10) as long as aReT^' = 0{Att'^) (/' = 1, 2). 

For the numerical estimations in the following, we assume that a = T^\o = T'^\o = 
27r. Besides we focus on the second case in (4.32). Then contributions from F^ can 
be neglected due to the suppression factor l/(47r^). We take Msb = F'^ /(2ReT^) as 



a reference scale of SUSY breaking. The gravitino mass is then expressed as m^i2 — 

(87rV3)M5B. 

We assume an approximate global f/(l)R-symmetry that is responsible for the dynami- 
cal SUSY breaking. We assign R{X) = 2, R^Hu) = R^Ud) = 1, RiQi) = Ripli) = RiVi) = 
R{Ci) = R{Si) = 1/2 where -R($) is the R-charge of $, and assume that the R-symmetry 
is broken only by the nonperturbative effects W^('^p). In this case, the holomorphic Yukawa 
couplings and the /i-term in the 4D effective superpotential as well as the gauge kinetic 
functions are independent of X. We further assume that the Yukawa couplings and the 
/i-term originate from only the y = boundary. Then they are parameterized as 

fr = krlT + kr2T , 

w^MssM = ^inund + \'l^nuQ^u, + \'^^ndQ^VJ + \'r^ndC,£,, (4.33) 

where r = 1,2,3 for U{1)y, SU{2)l, SU{3)c respectively, and kri, kr2, /U, Kj '^ ^.re con- 
stants. These constants are understood as values at the compactification scale, which is 
close to Mpi. The constant kr2 is related to kri by the condition that the three gauge 
couplings are unified to a definite value at Mqut- In the following, we neglect the RGE 
running between Mpi and Mqut- 

The hierarchical structure of the physical Yukawa couplings yimn defined in (3.7) are 
generated with certain choices of V^- or K^-charges, q, for the visible matter multiplets 
Si = {Qi,Ui,Vi, Ci, Si,T-Cu,'Hd) , which appear nontrivially in the superspace wavefunctions 
Yi shown in (3.4). In this case, as discussed previously, the tachyonic sfermion masses would 
be avoided by suitably gauging Si by either the Z2-odd U{1) vector multiplet V^ or V^. In 
order to obtain a realistic pattern of Yukawa matrices without inducing tachyonic sfermion 
masses, we adopt the gauging for quarks and leptons as (see Example 2 in Sec. 3.1) 

Q^=3Mi=3 e {g.} gauged by V\ (4.34) 

Qj^3, WjT^s, ^i, A, £i e {Sa} gauged by 1/^, (4.35) 

and employ a charge assignment given by Refs. [21, 22], that is, 

CQ,ReT = (-4.5, -3, 3), c^^^ReT = (-7.5, -3, 3), 
cv.ReT^ = (-4.5, -4.5, -3), c^^ReT' = (-4.5, -4.5, -1.5), 
c^,ReT2 = (-6,-1.5,-1.5), (4.36) 

where ReT in the first line represents ReT^ for the first two generations and ReT^ for the 
third generation. For the Higgs multiplets, we take the gauging 

H„G{5J, HdeiQ,}, (4.37) 

and a charge assignment, 

c^„ReT2 = 3, cw,ReT^ = 12. (4.38) 

Note that only Ti^ is tachyonic with this gauging, which is sufficient condition for the 
electroweak symmetry breaking even when the gaugino masses are tiny compared with 
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the scalar masses, for which the radiative electroweak breaking might be impossible. We 
choose c-}i^ as a larger value than others to allow for a mildly large value of 

tan P = {nu)/{nd) = 5, (4.39) 

which is adopted in the following numerical evaluations. 
The physical Yukawa matrices are found as 

.4 ^4 ^3 



'e^ 


e' 


e^ 


e' 


e^ 


e^ 


c' 


e" 


e^ 



ya^\e^ e* e'\, y,^\e' e* e'\, (4.40) 



,£2 £2 ^1 



e^ 


e^ 


e^ 


e^ 


e^ 


e^ 


e' 


e^ 


e" 



where e = 0.22 is the Cabibbo angle. We have omitted an 0{l) coefficient A^' ''^ for each 
element. These matrices realize the observed quark and charged lepton masses as well as 
the Cabibbo-Kobayashi-Maskawa (CKM) matrix with 0{1) values of A"' ''^. 

By evaluating one-loop RGEs for MSSM^^ (including the anomaly mediated contribu- 
tions [29] which can be sizable in gaugino masses and A-terms), we can estimate the soft 
SUSY breaking parameters at Mz — 90 GeV. For c^ReT^ = 7.5, the gaugino masses Mr 
and the scalar masses rrig at Mz as functions of A; = ku = k2i = A^si normalized by Msb 
are shown in Fig. 2. From the figure, we find that the gauginos become heavier for larger 
I A; I, and the gaugino masses and the scalar masses are comparable for \k\ > 5. For k = 1, 
the A-terms are evaluated at Mz as 



A \ A , \ A 



'e-' 


£-1 


£-1 


e-' 


e-' 


£-1 


e-' 


5-1 


e-^ 



Msb \ ^-1 C--1 ^-1 / Msb \ ^-2 ^-2 ^-2 / Msb 



£-2 


e-2 


£-2 


5-2 


5-2 


£-2 


£-2 


£-2 


£-2 




.(4.41) 



Remark that A-terms in the quark sector are enhanced by the radiative corrections mainly 
from gluinos, while there is no enhancement in the lepton sector. 

Rotating scalar masses and A-terms into the super-CKM basis, we can estimate the 
mass insertion parameters at Mz which are defined by (see, e.g., [30, 22]) 



\^LL)v — r r-- — — - — 1 y^RRJij — 



I ' \ Hti/i'J — I 



rn]^n 



{^inh = ^ 7===^= ' ^^RL)^^ ^ ^^lr)1 (4.42) 

where m| are the diagonal sfermion mass matrices, and (^/)jj = {yf)ij{Af)ij are the 

scalar trilinear couplings. The fermion index / and the sfermion indices Jl^r repre- 
sent / = {u,d,e), fa = {u,d,e) and /^ = {q,q,l), and then Vf = (sin/9,cos/5,cos/5)f , 
fif = (cot/9,tan/9, tan/3)/i, respectively, where v ~ 174 GeV and /i is determined by the 
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We neglect all Yukawa couplings except for the top Yukawa coupling in evaluating MSSM RGEs. 
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Mr/MsB, sign(m,2)^ j ^^2 \ /^^^ 
lOOh 




Figure 2: The gaugino masses M^ and the scalar masses mf at Mz as functions of k 
kii = ^21 = ^31- The parameters are chosen as c^ReT^ = 7.5. 



minimization condition of the Higgs potentiaL The unitary matrices V/^ are defined by 

(VlVyfVl = diag (K).M). 

The mass insertion parameters are severely constrained by the experiments of flavor 
changing processes. Among these parameters, (5iij)2i might have the severest constraint 
from the observations of /i — »• 67 processes, and {S'[i^)23 from b —>■ sj processes in our model. 
Although 6 — > S7 is less restrictive than /i —>■ ej, the former can be relevant because there 
are large mass splittings between the third generation squarks and the first two generations 
with our gauging (4.34) and the charge assignment (4.36). For Msb = 100 GeV and with 
(9(1) values of the holomorphic Yukawa couplings A^' ''^, we find |(5£j:j)2i| < (9(10^^) and 
|(^ll)23('^lr)33| ^ O(10~^) within \k\ < 10. Then, roughly speaking, these parameters are 
typically within the allowed region [22] for Msb = 100 GeV. We would study these issues 
in more detail in a separate work [31]. 



5 Summary 

We have studied 4D effective theory of 5D supergravity with multi moduli, focusing on the 
contact terms between the hidden and the visible hypermultiplets and a resulting flavor 
structure of the soft SUSY breaking terms induced at tree-level. The essential difference 
from the single modulus case appears in the Kahler potential. 

In the single modulus case, the induced soft scalar masses by the contact term in the 
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Kahler potential tend to be tachyonic at tree-level. This contribution becomes exponen- 
tially small when the visible sector is geometrically sequestered from the SUSY breaking 
sector. In such a case, quantum effects to the soft scalar masses become dominant, and may 
save the tachyonic masses at tree-level. However, the hierarchical fermion masses by the 
localized wave functions along the extra dimension is incompatible with such a sequestering 
structure [16]. 

In the multi moduli case, on the other hand, due to the exchange of Z2-odd vector 
multiplets there is an additional contribution to the soft scalar masses that does not sup- 
pressed even when the quark, lepton multiplets and the SUSY breaking multiplet are 
localized around the opposite boundaries. This additional contribution can save the tachy- 
onic scalar mass problem in the single modulus case, and can be even flavor universal. The 
tree-level contribution to the soft scalar masses always dominate over the quantum effects 
in the multi moduli case. 

Based on these generic features, we constructed a concrete model that stabilizes the 
moduli at a SUSY breaking Minkowski minimum where hierarchical Yukawa couplings are 
generated. We have shown the low energy sparticle spectrum of this model and analyzed 
the mass insertion parameters which are relevant to some observables of flavor changing 
neutral currents. We should stress that, in our model, all the nontrivial structures at low 
energies are generated dynamically from the parameters of 0{1) (in the Planck unit), such 
as the coefficients of the norm function for the vector multiplets, the charges associated 
with the hypermultiplet gauging and the boundary induced holomorphic Yukawa couplings. 

There are a lot of directions to proceed based on our work. It would be interesting 
to study models with different parameter choices from those we have chosen in this pa- 
per [31]. We may also extend the following models to the case with multi moduli, e.g., the 
models with two compensator hypermultiplets [14], a twisted SU{2)u gauge fixing [32], an 
anomalous U{1) symmetry [33], moduli mixing nonperturbative effects [34] and the one 
in which both the moduli T^ and T^ remain dynamical at low energies [35], and so on. 
Another direction is to consider higher dimensional supergravity than 5 dimensional, e.g., 
magnetised extra dimensions [36], magnetised orbifold models [37] which can realize certain 
localized wavefunctions for the matter fields with a more fundamental origin of the model, 
i.e., the string theory. 

Although our 5D model has no correspondence with a certain string compactification 
known until now, the study of our simple model would be helpful to understand some basic 
nature of all the models where the physics beyond (M)SSM is governed by the dynamics in 
extra dimensions. Of course, our model itself provides a concrete and dynamical example 
of the physics beyond the standard model. 
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A Z2-odd part of 5D Weyl multiplet 

In supergravity, coordinate derivatives are covariantized for the local SUSY transformation 
by the gravitino. The 4D derivatives d^ appearing in (2.2) are covariantized by the Z2-even 
gravitino ip'^i^ in the A^ = 1 Weyl multiplet Ew when we promote the d^d and d'^9 integrals 
to the D- and F-term action formulae of the A^ = 1 conformal SUGRA formulation [18]. 
Here the index i denotes the doublet index for SU{2)u- On the other hand, the derivative dy 
explicitly appearing in the superspace action should be covariantized by an A^ = 1 multiplet 
which contains V^^r^- 

Let us first consider dy appearing in the third line in (2.2). As mentioned below Eq.(52) 
in Ref. [8], it should be promoted to the "covariant derivative" dy written as 

dy = dy + ^''D^ + E''d^, (A.l) 

where \E'° and S'^ are A^ = 1 superfields with 4D spinor and vector indices. In order for 
dy^"" to be a chiral superfield, \1'" and S'^ should satisfy the conditions: 

(A.2) 



5a^" = 0, 


vI/° = 


'-D^E^a^^^. 


The solution to these conditions is 






^a ^ ^2j^a^ 


[I] 


-4^a^D"L^ 



(A.3) 

where L" is a complex general multiplet with a spinor index, which contains the Z2-odd 
components of the 5D Weyl multiplet. Since the above solution has an ambiguity of adding 
a chiral superfield fi'^ to S'", we can devide S'^ into two part as 

H^ = ^^ + n^", (A.4) 

so that \E''^ contains the same component fields as \I'". The lowest component of ^" is 
identified with iplj^""- 

In order for the Lagrangian (2.2) to be invariant under the gauge transformation: ^^ -^ 
^^2igA iiY^^^^ we have to modify the gauge transformation of S^ as 

S^ ^ S^ + 4a^ (A.5) 

while that of V^ remains unchanged as V^ -^ V^ + A.^ + A.^ . Thus the gauge invariant 
quantity V^ defined below (2.3) should also be modified. The naive modification is 

V^ = -dyV^ + S^ + S^ (A.6) 

However this is not real nor gauge invariant. So we further modify the definition of dy as 



\^'-7D.D^ + ^: 



dy = dy + ^"D„ + ^^D'^ + -Z^a'^D^D^ + -S^(T^,^D"D^ (A.7) 



which reduces to the previous definition (A.l) when it operates on a chiral superfield. With 
this definition of dy, the quantity V^ in (A.6) is now real and gauge invariant. 
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Now we obtain the couplings of the Z2-odd part of the 5D Weyl multiplet to the matter 
fields by replacing dy explicitly appearing in (2.2) with dy defined in (A. 7). In fact, the 
terms involving L" are necessary for reproducing the correct coefficient functions of the 
kinetic terms for the gauge fields, — (l/2)(A/}j — AfiAfj/Af), where the arguments of A/''s 
are the real scalar components of the 5D vector multiplets. If dy is not promoted to dy in 
the 5D action, the reproduced coefficient functions become incorrect ones, — (l/2)A//j, as 
mentioned in Appendix B of Ref. [9].^^ As a further nontrivial cross-check, we can also see 
that the couplings of Q^ to the matter multiplets reproduce the correct matter couplings 
of V^ + iV^ , which are the Z2-odd components of the SU{2)u (auxiliary) gauge field, if 
the F-term of f2^ is identified as 2i{V^ + iV^ ). 

As we can see from (A. 7) with (A. 3), the Z2-odd part of the 5D Weyl multiplet couples 
to the matter multiplets only in the derivative forms. Thus we can neglect their effects on 
the low-energy effective theory. 

B Derivation of effective Kahler potential 

Here we explain the derivation of the Kahler potential in the 4D effective theory shown in 
(2.14) with (2.15). From (2.10) with (2.12), the effective Kahler potential is written as 

f] ^ _3e-^/3 = _3 r rf^^i/3 i_^e2^'^'|g.|'-5^e^^"^'|5„|M , (B.l) 

where the arguments of A/" is {—dyV^, —dyV"^). The equation of motion for V^ are read off 
from (2.10) as 

iy-l/3 Z^i^^i^ IVil 



=2c,-(/i inP - V p2ccy2 IC |2^V3 



-dy {^ (l - E-"^''^ l^^l' - $:e-"^^ I^J^y'l = 0. (B.2) 

In the absence of the matter multiplets Qi and S^, the above equation is reduced to 

dy 1^1 =0. (B.3) 

Note that Mr/M^'^ (/' = 1, 2) depends only on the ratio v = dyV^/dyV^, i.e., 

TAv) . ^. (B.4) 



^^This discrepancy does not cause a problem in the derivation of the 4D effective action because Ni 
are Z2-odd for the Z2-even gauge fields and are dropped in the procedure of the off-shell dimensional 
reduction [7]. 
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Thus (B.3) means that f = f , where v is independent of y. Then, from the definition of v, 
we obtain a relation: 

dyV'^ = vdyV\ (B.5) 

By integrating this for y over [0, ttR), the quantity v is determined as 

ReT2 ^^ ^ 

We have used (2.8) and (2.9). In the presence of Qi and Sa, the ratio v is expanded in 
terms of them as 

i a i,j 

+ Y. ^- \Q^\' \^-\' + Yl ^-/3 l^.l' \Spf + 0(l>^), (B.7) 

i,a a,l3 



where $ = Qi,Sa- The coefficients Aj, i?Q,, Qj, Dia and i?a/3 are independent of Qi and 
^Q,, which satisfy 

\ i a i,j 

+ 5^ A. ig.l' I'^al' + J] i?a;3 l^al' \S^n dyV' = 0{¥). (B.8) 

i,a a,f3 / 



From (B.l) and (B.7), we obtain 



a 



^ _ g-2ciRcTi ^ _ g-2caReT2 



-3ArV=(Ml) ReT' - J: ^^- |Q.|= - Y. 1.. 1^. 



1 _ p-2{ci+Cj)ReTl 1 -2(ci+Cc{))ReTl 

- y ^A — ^ iQ.i' m' - y ^ ^ — m' \Sa\' 

1 -2(c„+c^)ReT2 

E -*- ~ 6 '^ I c |2|r. |2 

^ 18 c„ + c^t; I "I I '^l 

2 1^ |2 



y r dy {j^i{v)A,dy 

+J^^{v)AB^dyV''j\Q,\^\Sa 

+ Ey ^^ <^l(^)5a5j^— ^j+^fi«5/39,yn|5«H5^|VO($^). (B.9) 



—— ^ - J^2{v)Bo,dy 
3c„f / \ oc 

|2 I rY |2 
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Here we have used the identity, 

J^i{y) + vJ^2{v) = m^'^{l,v). (B.IO) 

In order to calculate the remaining integrals in (B.9), we will express Ai and B^ in 
terms of V^ and V^. First, we divide them as 

Ai = AiQ + ^Ai, B^ = B^o + ^B^, (B.ll) 

where Aio = Ai{y = 0) and Bao = Ba{y = 0). In the absence of Qi, (B.2) is reduced to 

dy I :F,{v) M - J^e^^"^' \S^A \ = 0, (B.12) 

which means that 

/ \2/3 / x2/3 

•^i(^) 1-E^''"^'l^"l') =^i{v,){l-Y.\S^n , (B.13) 

where vq ^ v{y = Q) . Comparing the coefficients of 15*0 1 in both sides, we obtain 

e^-^^ = 1 + ^fj^ABo + 0{\S^W (B.14) 

Similar relations are derived for V^ and AAj. In the presence of both Qi and Sa-, they are 
modified as 

2^l(^) / 2c<,y2 ^ 2 ic: |2^ 



From (B.8) with these relations, we can determine Aiq and B^q as 

Now we can calculate the remaining integrals in (B.9) at the leading order of the |$p- 
expansion by using (B.15) and (B.16). Since we can use a relation dyV'^ = vdV^ in front 
of the quartic terms in (B.9), the integrands can be rewritten as total derivatives for y. 
After somewhat lengthy calculations, we obtain the expression of Q in (2.14) with (2.15). 
Here we have used the following identities. 

J^[{v)+vJ^!,{v) = 0, (B.17) 
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= -V (^3^^22 - 2^1) . (B.19) 

The arguments of A/", A/}' and A///j/ are (ReT^,ReT^). 

Finally we comment on a special case in which all the gauge couplings Cj, c^ vanish. 
In this case, V^ appear in the action (2.10) only through dyV^ . Then the equation of 
motion (B.2) is reduced to (B.3), which means that v = v. Thus the t/-integral in (B.l) 
can be easily performed as 

ttR / \ ^/^ 



Therefore we can obtain the full form of ^2 without expanding by |$p in this case. 
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